Abstract-Low-cost wearable inertial sensors and balance plates offer great opportunities to provide body kinematic and spatial measurements of mobility-related activities, such as the sit-to-stand (STS) motion, a crucial movement to activities of daily living. This abstract presents the development of a Kalmanfilter based sensor fusion algorithm with error compensation for detecting upper-trunk kinematics and a finite state machine based adaptive algorithm, which aims to analyze and detect crucial events, the transition of phases and timing of the movement. Both methods were tested on stroke survivors. The results show the sensor fusion algorithm has excellent correlation coefficients and contains very small errors in estimating rotation angles and velocities while the adaptive algorithm had a small bias and consistent delay in detecting the transition of phases.
I. INTRODUCTION
Stroke is the greatest cause of complex disability in adults worldwide [1] . More than half the patients that survive a stroke are left with ongoing physical impairments that markedly restrict their mobility [2] . This includes the execution of functional tasks such as the sit-to-stand (STS) movement, which is a frequently performed movement and fundamental to independent living [3] . Stroke survivors can recover some functional movement through participation in physical rehabilitation. However, in assessing movement performance and formulating treatment plans, clinicians typically rely on visual observations and the results of outcome measures, such as the manually recorded five-times-sit-to-stand test [4] . These outcome measures can accurately quantify aspects of the movement but are inexact when used to characterize the movement performance when based purely on visual observations. There are motion capture and fixed force sensing systems adapted for analyzing kinematics of the STS movement [5] [6] [7] [8] [9] [10] . However, they are limited to the laboratory environment and difficult to be used in clinical or domestic settings. Alternative solutions must be affordable, portable, highly efficient for users, and easy-to-use in potentially crowded and obstructive environments.
Wearable inertial sensors may provide these solutions. New advancements in MEMS (Micro-electro-mechanical-systems) fabrication techniques allow a wide range of micro-scale, lowpower, high performance and very low-priced sensors produced in high volume [11] . Since the early twenty-first century, MEMS inertial sensor, often consisted of an accelerometer and gyroscope, arisen as a well-adopted device in physical activity monitoring and healthcare assessments [12] . Their non-invasive and light-weight nature do not intervene with physical motions while conducting measurements of the subjects. Nevertheless, their data outputs, especially low-priced sensors that have lower precision and reliability, are erroneous and contain non-ideal characteristics [13] [14] [15] .
The use of sensor fusion algorithm, such as the Kalmanfilter [16] , can reduce the errors when capturing kinematics of human motion, including the sit-to-stand motion [12] [17] [18] [19] . However, most developed algorithms are designed for and tested by health individuals. Research has also shown that the processed kinematic data obtained can be analyzed by adaptive algorithms for defining events, timing and duration of the STS movement for performance examination in healthy individuals, elderlies and different disorders [20] [21] [22] [23] . However, no studies have been found using stroke survivors, whose kinematic characteristics vary considerably from healthy subjects [24] . Therefore, the aim of this study was to develop a specific adaptive algorithm for stroke survivors to measure and analyze their STS performance.
II. METHODS AND MATERIALS

A. Instrumentation And Material
An inertial sensor (PhidgetSpatial 3/3/3, Phidgets Inc., Calgary, Alberta, Canada) that measures tri-axial combined dynamic and static accelerations and tri-axial angular rotations was attached over the subject's sternum while both feet were placed on a balance plate (BP 5046 Dual, Bertec Corp., Columbus, Ohio, U.S.A) when seated to monitor ground reaction force and center of pressure when standing from a sitting position. The kinematic data were captured and processed by the algorithm, which was written in C and Mathscript, in real-time at a sampling rate of 50 Hertz in a system design platform (LabVIEW 2013 Service Pack 1, National Instruments Corp., Austin, Texas, U.S.A).
B. Sensor Fusion Algorithm For Detecting Kinematics
Not only for determining the STS performance (i.e. lateral bending angle and trunk flexion angle), knowing the precise real-time orientation of the inertial sensor can help to correct and remove the gravity component in the raw acceleration signals, which causes inaccuracies and integration drifts when estimating velocities through time-integration. Moreover, they are important to adjust the coordinate reference frame of the obtained data from local (i.e. inertial sensor) to global (i.e. with respect to the Earth) that studies used in analyzing biomechanical performance, and correct sensitivity issue of the sensor at different tilt angles.
The gyroscope adopted in this study detects the rate of change of angular orientation in three dimensions. Rotational angles could be obtained by time-integrating that signals. Nevertheless, the drifting nature of the gyroscope raw signals [26] prevents accurate estimations as the process would lead to further drifting, which would be unacceptable for obtaining precise motion data for generating diagnostic information. It was possible to calculate rotational angles by only using an accelerometer with no time-integration involved and the issue of drifting could then be avoided [27] . However, any sudden movement, the estimation would become erroneous and not be able to distinguish the difference between actual acceleration due to motion and acceleration due to Earth's gravity [28] . This issue does not affect the gyroscope as gravity has no impact on its measurements. Neither the stand-alone gyroscope nor accelerometer could provide a precise orientation estimation. Implementing a sensor fusion algorithm based on Kalman-filter that utilizing both sensors and compensating for their weaknesses and strengths at the same time provides a solution for better estimates (Fig. 1.) .
Firstly, the raw accelerator signals acquired were filtered by a second-order Butterworth low-pass filter and a ten-order sliding average filter to remove different types of oscillations and noises that were causing unwanted frequency components in the spectrum. The cut-off frequency applied to the filters were at 11 Hertz, a frequency that was also exerted by research in STS movement [26] . The initial body tilt angles when the subject is at rest at a sitting position then calculated and fetched to calibrate the gyroscope in defining the initial rotation angles with respect to the global reference frame. After that, separate estimations of real-time rotational angles that were obtained from both hardware components were achieved, by timeintegrating the gyro rate and calculating the tilt angles from the acceleration, and fetched to a Kalman-filter for data fusion. The outputs of the Kalman-filter then used to project the acceleration signals onto the global axis, remove the static acceleration from the raw accelerometer readings to obtain dynamic acceleration due to the actual motion and compensate for sensor sensitivity.
The raw data obtained from the balance-plate were also filtered followed by time-differentiation to obtain the rate of change of center of pressure and vertical ground reaction force. If a change of the neither signal is detected, time-integration would be achieved in real-time to obtain upper-trunk velocities with the dynamic accelerations. This error-compensation technique prevents long-term integration drift that occurs for various reasons (e.g. temperature fluctuations, external vibration, hysteresis, non-linearly) which can cause the velocity estimation became unusable and simply "drift away" from its true value within a few seconds.
C. Adaptive Algorithm For Detecting Phases and Timing
The processed kinematic data then fetched to an adaptive algorithm that based on a finite state machine (FSM), which analyses and detects crucial events, transition of phases and timing of the movement dedicated to stroke survivors. FSM is commonly used in system control and implementation as the dedicated computational tool can efficiently conduct timing and logical decisions while using limited processing resources for complex and flexible systems [29] . This is especially important for real-time applications, such as this study.
The algorithm (Fig. 2.) differentiates the dynamics of getting up from sitting on a chair to reaching a standing position in four main phases by analyzing upper trunk motion and forces [30] . It starts from phase 0, when an individual remain seated in a sitting position before activating the movement. This is followed by phase 1, when the individual is tilting the upper trunk forward to generate the initial momentum required for rising. That push-forward momentum is then transferred to upward momentum from the upper trunk to the whole body during phase 2. During phase 3, the trunk, knees and hips extends, the body rises until stabilized and stand-up straight at phase 4 (Table I. ).
III. RESULTS AND DISCUSSION
The results obtained from the sensor fusion algorithm was verified by un-filtered measurements reported by a goldstandard motion capture system as stroke survivors conducted three to five sit-to-stand repetitions in a motion capture laboratory. Subjects were sitting on a chair in an upright position with the back touching the seatback. Reflective markers were attached to the subject's body and the inertial sensor and tracked with a gold-standard motion capture system (Nexus 2.0, Vicon Motion Systems Ltd, Oxford, U.K.) with twelve infrared cameras, which was reported of having an error of only 3.95 millimeters [25] . The data were exported as a spreadsheet file (Excel 2013, Microsoft Corp., Redmond, Washington, U.S.A) and processed in MatLab 2012b (MathWorks Inc., Natick, Massachusetts, U.S.A). The estimated rotational angles and velocities obtained from the developed sensor fusion algorithm were closely matched with the recorded Vicon data for the majority of the STS cycles in all trials. However, the comparison shows a small systematic bias as the mean and peak vertical velocity processed by the algorithm were lower in average compared with Vicon when the velocity reaches its peak (Fig. 3.) . This bias was illegible in readings that were captured from participants with slower STS execution. The adaptive algorithm was able to detect all four phases of STS movements with a small overestimation of time and consistent delay in detecting transition of phases (Table II. ).
Present
IV. CONCLUSION
This study presents a new approach of using a wearable inertial sensor and portable balance plate for tracking the sit-tostand movement in stroke survivors. It combines a sensor fusion algorithm and a finite state machine in detecting and analyzing the motion. The methodology was validated with Vicon Nexus, a gold-standard motion capture system. The results suggest the algorithms are capable to estimate, track and analyze the upper-trunk kinematics, transition of phases and timing of the sit-to-stand motion. In conclusion, the developed method can be adopted in other areas of rehabilitation technology, such as controlling feedback systems and diagnostic platforms. 
